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Design of Forebay and Micropool  
for Highway Stormwater Detention Basins  

 

 

RESEARCH STATEMENT  

A storage facility is portrayed by its stage-storage-outflow curve. Design of a detention 

basin involves a volume-based approach to construct the stage-storage curve, and another 

flow-based approach to define the stage-outflow curve. The former requires the information 

of basin geometry, while the latter involves the details of forebay, micropool, and outlet 

structure. There are two popular volume-based methods recommended to quantify the 

required detention volume, including the water quality capture volume (WQCV) approach to 

intercept frequent runoff events, and excess urban runoff volume (EURV) method to reduce 

post-development peak flows. Both empirical formulas for WQCV and EURV were derived 

from the assumption that the basin is completely empty before receiving the next event. In 

fact, the operation of a basin is always dependent on the remaining water depth from the 

previous event. During a rainy season, the accumulation of continuous rain-runoff volumes 

into the basin can lead to a false alarm of extreme event.  Secondly, designs of forebay and 

micropool should be related to the gradation distribution of solid particles in stormwater. 

Empirical recommendations may lead to oversized micropool and undersized forebay or vice 

versa. Therefore, in this study, it is proposed to investigate: (1) how to design forebay and 

micropool based on the on-site sediment characteristics, and (2) how to add a freeboard to a 

basin according to the risk of residual water depth.  For this project, the Urban Drainage and 

Flood Control District is responsible to monitor the extended detention basin located at S 

Knox Court and State Highway 285. The collected data are used to verify the new methods 

developed in this study. Findings from this study provide significant improvements to 

current design methods.  

 

Key Words: Water Quality Capture Volume, Excess Urban Runoff Volume, Micropool, Forebay, 

Drain Time, Detention, Residual Water Depth. 
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1. INTRODUCTION  

Due to the Clean Water Act, local governments in the US require urban stormwater runoff to be 

treated in order to improve water quality in the downstream receiving water bodies.  In 

conjunction with water quality treatment, current design criteria also require the attenuation of 

peak flows under the post-development condition.  As more areas are urbanized, pollutant loads 

in stormwater are increased. Without mitigation, these pollutants would negatively impact 

waterway ecology and wildlife habitat when travelling downstream into the receiving waters. 

The concept of Stormwater Quality Capture Volume (WQCV) was developed to define the 

required stormwater volume to be treated for reducing total suspended solids (TSS) and metal 

pollutants prior to being released downstream (Urbonas et al. in 1989, Guo and Urbonas 1996).  

Based on field observations performed in the EPA Reports in 1983 and 1986, an average 

extended detention time of 12 hours provides a removal rate of 80-90% to reduce the annual TSS 

load generated from the tributary watershed (Driscoll et al. 1989).  

 

In the last decade, the concept of Excess Urban Runoff Volume (EURV) expressed in 

inch/catchment was also developed and recommended as a new design standard intended to 

replace the extended detention basin (EDB) standard in the metro Denver area (UDFCD 2011).  

A EURV represents the on-site increased runoff volume directly due to the increase of 

impervious surface area within the tributary catchment.  A full spectrum detention basin (FSDB) 

is constructed with its WQCV as the bottom layer for water quality enhancement up to the 6-

month event, and EURV as the upper layer for peak flow reduction up to the 10-yr event. 

Detention basins are often equipped with a forebay to trap particles Ó1 to 2 mm in diameter, and 

a micropool to sustain continuous flow released by inverted Siphon effects in case of outlet 

clogging. In current practice, both EDBs and FSDBs are designed under the assumption that all 

runoff events coming into the basin are independent of previous storm events. In fact, the 

operation of a basin is certainly dependent on the residual water depth from the previous storm 

events. During a rainy season, the accumulation of runoff volumes from a series of storm events 

may fill up the basin as if the major storm occurred. According to the drainage manual (UDFCD 

2011), a drain time of 40 hours is recommended for WQCV, and less than 72 hours for EURV 

(per Colorado Revised Statute 37-92-602(8), 97% of the 5-year storm must drain in 72 hours or 

less). In practice, the longer the drain time is, the higher the overflow risk is. Therefore, it is a 
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challenge as to how to reduce the risk of residual water depth by selecting a proper freeboard for 

a basin.   

 

The goals of this report are twofold: (1) to develop consistent procedures to size forebay and 

micropool, and (2) to develop a risk-based guidance to evaluate the residual water depth in a 

basin.   

 

1.1 Basic Concept of Watershed Depression Storage  

 A rural watershed is characterized with its hydrologic losses including interception, infiltration 

and depression losses. In comparison, interception losses due to bushes and trees are negligible in 

an urban area. Depression loss depends on the storage volume associated with the depressed area. 

Infiltration loss depends on the type of soils; and it occurs to the overland flows as soon as the 

rainfall excess exceeds the depression losses. Developments of an urban area result in more 

pavements, impervious surfaces, and fills of depressed areas. As illustrated in Figure 1.1, an urban 

drainage system often includes the underground storm sewers sized to carry the minor event, and 

the street gutter designed to deliver the major event. Such a double-decker flow system is to mimic 

the natural waterway that consists of a low-flow main channel and overbank floodplains.  

 

Figure 1.1 Comparison between Natural and Street Drainage Networks 
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In an urban catchment, the source of storm runoff is the impervious areas. Before the overland 

flows become concentrated, the increased runoff volume per unit area (V-problem) is the cause of 

water quality problems. After the overland flows are collected into street gutters, sewers, and 

channels, the increased runoff flow (Q-problem) is the cause of flooding problems.  

 

Conventional stormwater management has focused on how to reduce peak flows using stormwater 

detention, while the latest development is to integrate the low-impact designs into the stormwater 

management to enhance both stormwater quality and quantity controls. A low-impact design is to 

apply a filtering process to better stormwater quality and an infiltration process to reduce 

stormwater volume. Since the low-impact designs are aimed at the runoff source control, therefore 

they are only applicable to a small tributary area. The latest developments on low-impact designs 

include infiltration beds, rain gardens, bio-swales, and porous pavements. As shown in Figure 1.2, 

stormwater low-impact designs are classified into: (1) conveyance type such as porous pavements 

using infiltration bed, and (2) storage type such as rain garden using an infiltration basin. 

Obviously, the effectiveness of a low-impact design depends on how to intercept the surface runoff 

volume. To differentiate from the stormwater detention storage volume (WDSV) for extreme 

events, the intercepted stormwater volume for low-impact designs is termed water quality capture 

volume (WQCV). A WQCV shall be in the same magnitude (i.e., 0.5 to 3 times) the natural 

depression volume that was obliterated during the urbanization process.  

 

  

Conveyance Type -- Porous Pavement Storage Type ï Rain Garden 

Figure 1.2 Conveyance and Storage Low-Impact Designs 

 



11 

 

Over 30 years of learning, in the year 2010, the effort of stormwater Best Management Practices 

(BMP) has concluded that the low-impact-development (LID) concept is the best approach to 

integrate both flood mitigation and water quality enhancement together.   

 

2. WATER QUALITY CAPATURE VOLUME  

2.1 Rainfall and Runoff Distributions  

The conventional criteria developed for the purpose of flood mitigation are not suitable for sizing 

stormwater quality basins. It is because the goal of stormwater quality basin (WQB) is to capture 

frequent runoff events, not the extreme. Frequent rainfall events have to be delimited from a 

continuous record by a user-defined minimum inter-event time (Guo and Urbonas 1996). Such a 

minimum inter-event time of no rain is termed event separation time. As illustrated in Figure 2.1, 

the continuous record is divided into 3 events using an event separation time of six hours. After 

individual events are identified, the event rainfall depth and duration can be further calculated 

for statistical analyses.   

 

 

   Figure 2.1 Event Separation by Inter-event Time. 

 

In practice, the event separation time should be selected based on the watershed characteristics 

such as sediment resident time or basinôs drain time. The 1986 EPA study reported that about 80 

to 90 percent solids were removed if a 12-hour drain time is applied to a wet pond or a 24-hour 

drain time is applied to a dry pond. Therefore, it is recommended that the event separation time be 

the drain time of a basin. After a continuous rainfall record is divided into individual events, Figure 

2.2 is the distribution of rainfall depths observed at the City of Denver, Colorado. Although a two-

year storm event is often considered a small event for flood control projects, a 2-yr event, in fact, 

4-hr                   6-hr                                9-hr                             2-hr

Interevent time 6-hr

Event 1                                Event 2                                         Event 3

Time in hr
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has a rainfall depth greater than 95 percent of the rainfall population. Figure 2.3 shows the 

distribution of rainfall depth by storm numbers observed over a period of 30 years in the City of 

San Diego, California. It shows that 97 percent of the events having a depth less than the local 

two-year rainfall depth. Although the skewness of event-rainfall depth distribution varies with 

meteorological region, it is generally true that the number of smaller rainfall events dominate the 

rainfall population.   

 

 

Figure 2.2 Rainfall Depth Distribution at Denver, Colorado 

 

Figure 2.3 Rainfall Depth Distribution at San Diego, California 
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Not every raindrop can join surface runoff unless the event rainfall depth is greater than the 

interception loss. The runoff-producing rainfall depth is the difference between the recorded 

rainfall depth and the interception loss as: 

 

sii IDd -=  in which di = runoff-producing rainfall depth in [L]  for the i-th event, Di = recorded 

rainfall depth in [L] at rain gage, and Is = interception loss in [L]  such as 0.05 to 0.1 inch, depending 

on ground slope and impervious cover. Having the continuous rainfall record divided into 

individual storms, the statistics for event-depth, duration, and inter-event time can further be 

calculated as: 

 

ä
=

=

=
Ni

i

im d
N

D
1

1
      (2.2) 

2

1

1

2)(
)1(

1
ù
ú

ø
é
ê

è
-

-
= ä

=

=

Ni

i

miD Dd
N

S     (2.3) 

ù
ú

ø
é
ê

è
-

--
= ä

=

=

Ni

i

mi

D

s Dd
NNNS

C
1

3

3
)(

)2)(1(

1
    (2.4) 

ä
=

=

=
Ni

i
iImI T

N
T

1

1

     (2.5)  

 

in which Dm = average event rainfall depth, N = total number of events in the record, SD = standard 

deviation, Cs = skewness coefficient, TIi  = time interval to the next event, and TI m = average inter-

event time.  The above approach was employed to analyze the continuous rainfall records observed 

in eight metropolitan areas (Guo and Urbonas in 1996). Approximately 1,000 to 1,500 individual 

events were identified from each continuous rainfall record using an inter-event separation time of 

6, 12, or 24 hours. The rainfall statistics in inches and average inter-event time in hours are 

summarized in Table 2.1. As indicated in Table 2.1, the average inter-event time is 9 to 57 times 

the event separation time. The distributions of rainfall depth are skewed in all cities used in Table 



14 

 

2.1.  Figure 2.4 presents the rainfall event depth for the continent of the US derived from the study 

using a 6-hour event separation time and 0.1 inch as the interception loss (Driscoll et al in 1989).  

 

 Table 2.1 Rainfall Statistics Using 6-, 12-, and 24-hr Event Separation Times 

City  6-hr    12-

hr 

   24-

hr 

  

 Dm S.D. Cs TI m Dm S.D. Cs TI m Dm S.D. Cs TI m 

 Inch inch  Hour Inch inch  hour inch inch  Hour 

Seattle, WA 0.48 0.49 2.75 53.5 0.60 0.64 2.67 72.7 0.78 0.90 3.06 98.1 

Sacramento, 

CA 

0.61 0.62 2.96 166.7 0.72 0.76 3.50 208.8 0.82 0.92 3.44 251.6 

Phoenix, AZ 0.42 0.36 2.59 261.3 0.45 0.40 2.41 300.1 0.48 0.44 2.57 341.8 

Denver, CO 0.44 0.48 3.59 106.4 0.46 0.51 3.47 121.4 0.51 0.56 3.30 144.2 

Cincinnati, 

OH 

0.58 0.55 3.03 65.2 0.66 0.64 2.76 81.1 0.73 0.71 2.51 97.8 

Tampa, 

Florida 

0.66 0.78 4.40 71.4 0.71 0.83 4.46 79.6 1.01 1.10 2.89 114.7 

Boston, Ma 0.70 0.79 4.98 70.7 0.73 0.81 4.60 82.1 0.78 0.84 4.28 94.8 

 

 

  

Figure 2.4 Average Rainfall Event Depth in Inches for the Continent of the US 
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2.2. Regression Model for WQCV  

Based on the long-term data bases collected at Seattle WA, Sacramento CA, Cincinnati OH, Boston 

MA, Phoenix AZ, Denver CO, and Tampa FL, the regression formula was derived using the best 

fitted approach as (Guo and Urbonas 1996):  

 

baC
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m
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      (2.6)  
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in which Do= WQCV in inch per watershed area, Dm = average rainfall event depth in inches, C= 

runoff coefficient, Ia = watershed impervious ratio, and a and b = coefficients derived from 

regression analysis and listed in Table 2.2. The values for variable, b, are numerically negligible 

for practice or b=0 is acceptable. For the seven metropolitan cities, the regression equations show 

excellent correlation coefficients, r2, ranging from 0.80 to 0.97, depending on drain time.  

  

Table 2.2 Coefficients for Determining Empirical WQCV  

Drain Time  Volume Ratio 

 A b r-square 

12-hr 1.36 -0.034 0.80 

24-hr 1.62 -0.027 0.93 

48-hr 1.98 -0.021 0.84 

   

The WQCV defined by Eq 2.6 would provide a runoff capture volume capture rate between 78.0 

and 85.0 percent (UDFCD 2011).   

 

2.3. Exponential Distribution for WQCV   

As aforementioned, the WQCV is in the same magnitude as the natural depression loss. With the 

average rainfall event depth in Figure 2.4, the probabilistic density function (PDF) for the rainfall 

depth distribution is described as (Guo and Urbonas 2002):  
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 in which d = a random rainfall depth in inch or mm , and Dm = average rainfall event depth in inch 

or mm in Figure 2.4.  Considering hydrologic losses and incipient depth, the storage volume of 

WQB is treated as a runoff depth per watershed as: 

 

WQCVDo =            (2.9) 

 

 sIDd -= 0             (2.10) 

  

in which Do = WQCV as runoff depth in mm or inch per watershed, C = runoff coefficient, and Is 

= incipient runoff depth such as 0.1 inch. Substituting Eqôs 2.8 and 2.9 into Eq 2.8, the runoff 

capture percentage is integrated as: 
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in which Cv = runoff capture percentage and P(0ÒdÒDo)=probability function. Any event that 

produces a runoff volume more than Do will overload the basin.  Therefore, the overflow risk is 

calculated as: 
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The plot of Cv versus Do using Eq 2.13 is termed Runoff Capture Curve. Figure 2.5 presents a set 
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of generalized runoff capture curves produced using Eq 2.13 for runoff coefficients of 0.2, 0.4, 

0.6, 0.8 and 1.0. It is noticed that the curvature of runoff capture curve increases when the runoff 

coefficient decreases.  The runoff capture curve becomes almost a linear response between rainfall 

and runoff amount when C = 1.0.  This tendency reflects the fact that the higher the imperviousness 

in a catchment, the less the surface detention. As a result, the response of a highly urbanized 

catchment to rainfall is quick and direct.  

   

 

 

  Figure 2.5 Normalized Runoff Capture Curves 

 

Both Eqôs 2.6 and 2.13 are derived based on the assumption that the basin is always emptied out 

before the next event. In case that the basin is operated through a rainy season, frequent small 

events will continually fill up the basin. As a result, the residual water depth from the previous 

event is a serious concern in the operation of a detention basin. When the basin is overtopped with 

a series of small events, a false alarm of the extreme event is triggered and the sediment removal 

function is impaired. In this study, an investigation of residual water depth is further conducted at 

the selected site for stormwater detention operations. 

 

2.4 Field Investigation 
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The extended detention basin located at the intersection of South Knox Court and US Highway 

285, designated as EDB502L, was designed and constructed in the year of 2011 as part of the 

US285 Reconstruction Project performed by the Colorado Department of Transportation (CDOT) 

(Harris, Kocher & Smith, 2011). This was a multi-phase project involving major improvements to 

US Highway 285 from Federal Boulevard to Kipling Street. The portion of the project which 

includes the EDB502L is designated as Area 4/Maintenance Yard Outfall and is located in portions 

of Sections 31 and 32, T. 4 S., R. 68 W. and Section 5, T. 5 S., R. 68 W., in Arapahoe County. The 

site location is shown in Figures 2.6 and 2.7.  

 

 

Figure 2.6 Site Location for Sample Extended Detention Basin (EDB 520L) 
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Figure 2.7 Tributary Sub -catchments to WQB in EDB 502L  

 

EDB 502L was designed to comply with the water quality requirements of CDOTs Municipal 

Separate Storm Sewer Systems (MS4) permit, which mandates a permanent BMP treatment of 

runoff from all new and disturbed pavement. Because the US Highway 285 Reconstruction Project 

involved disturbing and laying miles of new pavement this extended detention basin and several 

others similar in nature were designed to catch and treat runoff from these areas for water quality 

storms. As summarized in Table 2.2, the tributary area during a water quality storm event to EDB 

502L is limited to OS-401, WQ-404, and WQ-407 or a total of 4.90 acres since the smaller storms 

are carried offsite in the storm drain system. The off-site tributary area upstream of EDB 502L 

includes sub-catchments, OS-1, OS-2, and OS-6 as shown in Figure 2.8.  
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Figure 2.8 Off -site Sub-catchments Tributary into EDB 502L  

 

 

 


